S
exual intercourse remains the predominant route of HIV-1 transmission worldwide, emphasizing a clear and urgent need for additional prevention strategies, including the development of microbicides, i.e., mucosally applied products designed to prevent HIV infection (15, 30, 35, 52, 60, 68) . The recent promising results from a phase IIb clinical trial, CAPRISA 004, of a vaginal microbicide based on the reverse transcriptase inhibitor (RTI) tenofovir, has demonstrated the potential utility of microbicides based on antiretroviral (ARV) drugs. However, the more recent VOICE trial of a once-daily dosing regimen with tenofovir gel failed to demonstrate any detectable efficacy in at-risk women. These studies reflect the need to develop additional microbicide candidates to potentially increase inhibitory activity. These comprise classes of inhibitors active against different steps of the viral replication cycle, including binding and fusion with target cells, reverse transcription, integration, and maturation of budded virions (2, 25, 43) . The fusion peptide gp41 is not fully exposed until after HIV-1 envelope (gp120/gp41 trimer) has bound to CD4 and a coreceptor (CCR5 or CXRC4) has triggered the gp120/gp41 conformation change required to initiate fusion through the insertion of gp41 in the membrane of a target cell. Fusion inhibitors (FIs) are designed to prevent viral entry by blocking the formation of the 6-helix bundle between the N-terminal heptad repeat 1 (HR1) and the C-terminal HR2 in gp41 that leads to fusion of viral and cellular membranes. Blocking occurs by binding of FIs to the HR1 or HR2 domain. The FI enfuvirtide (T20) has been successfully used in therapy, and FIs as a class have broad activity across HIV-1 clades (66) and have been considered for microbicide development following protection of macaques from vaginal challenge with SHIV-162P3 after vaginal application of T1249 (66) . Ingallinella et al. (27) have recently developed a new FI, L'644, based on a sequence of HR2, C34, conjugated to a cholesterol group functioning as a membrane anchor to increase its potency. Here we investigate the potential of four FIs, i.e., C34, T20, T1249, and L'644 (also known as C34-Chol or DS007) (Table 1) , as candidate microbicides through preclinical studies with cellular and mucosal tissue explant models against R5 isolates, the predominant type associated with sexual transmission of HIV-1 (41) .
An important consideration in the design and formulation of microbicides and their eventual use is to understand the temporal window of activity for any drug candidate. Indeed, the efficacy of tenofovir gel in CAPRISA 004 has been linked to its long intracellular half-life (31, 58) . The window of activity will determine required dosing relative to any act of intercourse. For example, postexposure activity would be an important determinant for the potential use of a microbicide in a postcoital scenario (either immediate or delayed), extending the flexibility of use and informing eventual product labeling. In preclinical studies this can be mimicked by measuring antiviral activity of the drug at different times of addition relative to viral exposure. FIs are conventionally thought to have a short window of activity, being effective only during the initial viral attachment and entry steps. Previous studies have suggested that L'644, through conjugation of C34 with a cholesterol group, increases the circulatory half-life of the peptide (27) . This in turn may modify the potency of C34 through binding to and retention in the lipid raft component of target cells (22) .
The dual use of ARV drugs for therapy and prevention, together with the increasing prevalence of strains resistant to some ARVs, mandates that strategies to prevent transmission of ARVresistant strains also need to be taken into account in the design of effective microbicides. Indeed, it is estimated that in the developed world, 10 to 20% of new infections are caused by ARV-resistant isolates harboring mutations that confer resistance to at least one of the three main types of ARV drugs: entry/fusion inhibitors, RTIs, and/or protease inhibitors (4, 5, 7, 11, 38, 45, 59, 65) . As the rollout of ARV treatment progresses in the developing world, rates of transmission of drug-resistant viruses will inevitably increase. The microbicide field benefits from the experience acquired with conventional highly active ARV therapy (HAART) regimens, where patients receive triple combinations containing at least two drugs with different mechanisms of action to help prevent emergence of resistant isolates (16, 29, 54) . Hence, it is important to consider development of different ARV microbicide drug candidates able to inhibit transmission of resistant isolates, with different mechanisms of action and targeting different stages of the viral replication cycle, either as single candidates or as part of a drug combination.
In this study, we assessed and compared the activity of the cholesterol-derivatized FI L'644 to those of three nonderivatized FIs as candidate microbicides in cellular and tissue models, addressing the robustness of their activity against wild type HIV-1 isolates and a nonnucleoside RTI (NNRTI)-resistant virus.
MATERIALS AND METHODS
Reagents and plasmids. T20 and C34 (19) were provided by the NIH AIDS Research and Reference Reagent Program (http://www.aidsreagent .org/); T1249 and L'644 (also known as C34-Chol, or DS007) were donated by the International Partnership for Microbicides (IPM) (Silver Spring, MD).
HIV-1 BaL (20), the full-length, replication-and infection-competent proviral HIV-1 clone pYU2 (36, 37) , and an infectious strain resistant to multiple HIV-1 RTIs, clone HIV-1 IIIB A17 (with mutations K103N and Y181C in the RT domain) (51), were provided by the NIH AIDS Research and Reference Reagent Program (http://www.aidsreagent.org/).
Seminal and cervicovaginal fluid samples. Seminal plasma (SP) and cervicovaginal lavage (CVL) samples were obtained under an institutional review board (IRB)-approved protocol and collected after signed informed consent was received from all donors. Samples were kindly provided by Betsy Herold (Albert Einstein College of Medicine, NY). Semen was obtained by masturbation after 48 h of sexual abstinence, and after the semen was allowed to liquefy at room temperature for 30 to 60 min, it was centrifuged at 3,000 ϫ g for 15 min to separate spermatozoa from SP (55) . Supernatants from individual samples were aliquoted and stored at Ϫ80°C. CVL samples were collected by washing the cervicovaginal area with 10 ml of sterile 0.9% saline (pH ϳ5.0) (28) . CVL samples were centrifuged at 1,000 ϫ g for 15 min at 4°C. Antibiotics (500 U of penicillin/ ml, 50 g of streptomycin/ml, and 0.5 g of amphotericin/ml) were added to the supernatants before they were aliquoted individually and stored at Ϫ80°C. For each sample, the measured pH ranged between 4 and 5. Fluids from five donors were pooled for experiments. Previous experiments with these biological fluids did not indicate any effect on viral replication capacity or on measurement of viral inhibitory activity (unpublished data).
Cell and virus culture conditions. All cell cultures were maintained at 37°C in an atmosphere containing 5% CO 2 . TZM-bl cells (9, 56, 69) and antibiotics (100 U of penicillin/ml and 100 g of streptomycin/ml). PM-1 cells (40) (AIDS Reagent Project, National Institute for Biological Standards and Control, United Kingdom) were maintained in RPMI 1640 medium containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, and antibiotics (100 U of penicillin/ml and 100 g of streptomycin/ml).
The molecular clones YU.2 and A17 and the laboratory-adapted isolate HIV-1 BaL were passaged through activated peripheral blood mononuclear cells (PBMCs) (21) for 11 days.
Patients and tissue explants. Cervical tissue was obtained from patients undergoing planned therapeutic hysterectomy at St. George's Hospital or Kingston Hospital in London, United Kingdom. Penile tissue was obtained from patients undergoing gender reassignment at Charing Cross Hospital, London, United Kingdom, who had ceased hormonal therapy a minimum of 6 weeks prior to surgery. Surgically resected specimens of colorectal tissue were collected at St. George's Hospital, London, United Kingdom. All tissues were collected after signed informed consent was received from all patients and under protocols approved by the local research ethics committee. On arrival in the laboratory, resected tissue was cut into 2-to 3-mm 3 explants comprising both epithelial and stromal tissue or muscularis mucosae, depending on the tissue, as described previously (12, 13, 24) . Cervical and penile explants were cultured in RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% FCS, and antibiotics (100 U of penicillin/ml and 100 g of streptomycin/ml). Colorectal explants were maintained with DMEM containing 10% FCS, 2 mM L-glutamine, and antibiotics (100 U of penicillin/ml, 100 g of streptomycin/ml, and 80 g of gentamicin/ml). All tissues were incubated at 37°C in an atmosphere containing 5% CO 2 .
Infectivity and inhibition assays. Inhibition assays were performed using a standardized amount of virus culture supernatant normalized for infectivity. TZM-bl cells were incubated with serial dilutions of compounds (between 1,000 and 0.0061 nM) for 1 h at 37°C, and then virus was added to cells and left for the time of the experiment. The extent of virus replication was determined by luciferase quantitation of cell lysates (Promega, Madison, WI) as previously described (24) .
Colorectal tissue explants were incubated with compound (between 1,000 and 1 nM) for different time periods to reproduce different dosing regimens: to mimic a precoital use of microbicide, explants were treated with drug 1 h prior to virus exposure and during virus exposure (3-h pulse); to model repeated dosing, explants were exposed to drug with the 3-h pulse and during the subsequent days of culture (sustained); and to assess potency after viral exposure, explants were treated with drug for 1 h at two time points, 0 min or 1 h, after viral exposure and removal of unbound virus. Virus was added and left for 2 h, and explants were then washed 4 times with phosphate-buffered saline (PBS) to remove unbound compound and/or virus. Tissue explants were then transferred onto gel foam rafts (Welbeck Pharmaceuticals, United Kingdom) and cultured for 15 days as previously described (14, 24) in the presence or absence of compound. Approximately 50% of the supernatants were harvested every 2 to 3 days, and explants were refed with fresh medium.
Cervical explants were incubated with compound (between 1,000 and 1 nM) for different time periods: to mimic short precoital treatment, explants were incubated with drug 1 h prior to and during virus exposure (3-h pulse); to take into account the physiology of the female genital tract, where a microbicide could be retained for a longer period of time than in the other tissue models, explants were treated with drug with the 3-h pulse plus 21 h further after removal of unbound virus (24-h pulse); to mimic a repeated exposure to microbicide, explants were treated with drug with C34-GSG-C(Chol) the 3-h pulse and during the subsequent days of culture (sustained); and to assess potency after viral exposure, explants were incubated with drug for 1 h either 0 min or 1 h after viral exposure and removal of unbound virus. Tissue was exposed to virus for 2 h and then washed 4 times with PBS. Explants were then transferred to a fresh tissue culture plate (13) . Following overnight incubation, tissue explants were moved to a fresh tissue culture plate, and migratory cells left in the original plate were washed twice with PBS and cocultured with 4 ϫ 10 4 PM-1 cells/well with or without compound in 96-well plates. Tissue explants and cellular cocultures were cultured for 15 days in the presence or absence of compound. Approximately 50% of the supernatants of explants and cellular cultures were harvested every 2 to 3 days, and both cultures were refed with fresh medium in the presence or absence of compound.
Penile tissue explants were treated with compound (between 1,000 and 1 nM) for different time periods to reproduce different dosing regimens: to mimic a precoital use of microbicide, explants were treated with drug 2 h prior to virus exposure (2-h prepulse), and to model repeated dosing, explants were expose to drug with the 2-h prepulse, during incubation with virus, and during the subsequent days of culture (sustained). Based on previous experiments, penile tissue explants required a longer virus exposure time (24 h) than other mucosal models. Penile explants were then washed 4 times with PBS and transferred to a fresh tissue culture plate (12) . Following overnight incubation, tissue explants were transferred to a fresh tissue culture plate, and migratory cells left in the original plate were washed twice with PBS and cocultured with 4 ϫ 10 4 PM-1 cells/well with or without compound in 96-well plates. Explants and cellular cocultures were maintained for 15 days as described above for cervical explants and migratory cell cultures.
For all tissue explant models and migratory/PM-1 cells cocultures, the extent of virus replication was determined by measuring the p24 antigen concentration in supernatants (HIV-1 p24 enzyme-linked immunosorbent assay [ELISA]; AIDS Vaccine Program, National Cancer Institute, Frederick, MD) (24) .
Each experiment was performed three times with a different donor for each of the triplicates. For all compounds tested, cell and tissue viabilities were determined by measuring tetrazolium salt [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)] cleavage into a blue product (formazan) by viable cells (61) as described previously (46) . Briefly, cells or explants were incubated with 100 or 200 l complete RPMI-MTT (0.5 mg/ml) at 37°C for 3 h, respectively. The formazan salts were solubilized by addition of 100 l 20% sodium dodecyl sulfate in 1:1 H 2 O-N,N-dimethylformamide (cells) or 1 ml methanol (explants), and viability was determined by measuring the optical density at 570 nm (reference, 690 nm) in a Synergy-HT plate reader. For tissue studies, this value was corrected for explant dry weight.
Statistical and mathematical analysis. Fifty percent inhibitory concentrations (IC 50 s) were calculated from sigmoid curve fits (Prism; GraphPad). All IC 50 data presented fulfill the criterion of r 2 being Ͼ0.7. IC 50 s were statistically compared using an unpaired t test or one-way analysis of variance (ANOVA) when more than two groups were compared, and P values were calculated.
RESULTS
L'644 demonstrates sustained activity in TZM-bl cells not seen with other FIs. To evaluate the potential of C34, T20, T1249, and L'644 as candidate microbicides, we first tested their comparative inhibitory activities against an R5-isolate, HIV-1 BaL, in TZM-bl indicator cells. L'644 is a derivatized version of C34 with a cholesterol group that allows the peptide to anchor on the cellular surface. Hence, to demonstrate the potential retention of this compound we compared the following conditions: after preincubation of TZM-bl cells with FIs for 1 h, cells were either washed (pulsed) or not (sustained) before addition of virus. L'644 was the most potent peptide under sustained-exposure conditions, with IC 50 s in the subnanomolar range (0.01 to 0.34 nM), as shown in Table 2 . Under pulsed-exposure conditions, where unbound compound was removed by washing before virus was added, the inhibitory activities of C34 and T20 were completely lost within the range of concentrations tested, and the IC 50 of T1249 increased 4 log units. This increase was not statistically significant (P ϭ 0.0966), but there was a trend to an increase of IC 50 . However, the potency of L'644 was retained, with IC 50 s still in the nanomolar range (0.32 to 4.67 nM) ( Table 2) . No cytotoxicity for any of the FIs was observed by MTT viability assay at the concentrations tested (data not shown).
Biological fluids do not interfere with L'644 activity. For compounds to be viable as microbicide candidates, it is important that they maintain their activity in the presence of semen and cervicovaginal fluid. Peptide inhibitors of gp41-mediated fusion have been shown to be protective against in vivo challenge when applied vaginally in nonhuman primate (NHP) studies (66, 67) . However, L'644 has yet to be tested in vivo and, due to its cholesterol-derivatized nature, might be more susceptible to degradation; thus, we next assessed its activity in TZM-bl cells in the presence of biological fluids. L'644 was incubated with seminal plasma (SP) or cervicovaginal lavage (CVL) fluid (diluted 1:2) for up to 72 h before titration on TZM-bl cells against HIV-1 BaL (final dilution of SP and CVL specimens, 1:4). Comparing the IC 50 s of L'644 alone and in the presence of SP or CVL fluid, no statistical difference was seen at any of the time points (with P values of Ͼ0.4 even after 8 h [P ϭ 0.4558] or 48 h [P ϭ 0.6069] of incubation, by one-way ANOVA). Hence, neither of the biological fluids affected the IC 50 (Fig. 1) or the IC 90 (data not shown) values, indicating that the inhibitory activity of L'644 was not compromised by these biological fluids. No cytotoxic effect was detected during the duration of the experiment (data not shown).
Inhibitory activities of C34, T20, T1249, and L'644 in colorectal explants. As candidate microbicides, the four FIs were then tested in mucosal tissue explants. The compounds were first tested in the colorectal explant model against HIV-1 BaL in a sustainedexposure mode (compound maintained throughout explant exposure to virus and culture). C34 tended to be the least active FI, with an IC 50 of 7.29 Ϯ 5.84 nM, compared to T20 (1.21 Ϯ 0.74 nM), T1249 (2.87 Ϯ 3.09 nM), and L'644 (3.82 Ϯ 4.30 nM) (Fig.  2) . When unbound compound was washed off after infection and explants cultured in the absence of compound (3-h pulse), there was a slight decrease in the activity of all FIs, reflected by an increase in IC 50 s for C34 (13.91 Ϯ 6.45 nM), T20 (4.26 Ϯ 2.65 nM), and T1249 (27.65 Ϯ 33.04 nM) but not for L'644, where the IC 50 did not change (IC 50 of 3.06 Ϯ 3.25 nM) (Fig. 2) . Despite the fact that the increases in IC 50 s for the other three compounds were not significant, with P values of between 0.25 and 0.40, there was a trend to increase that was not seen for L'644. None of the compounds affected colorectal tissue viability as assessed by MTT assay (data not shown). L'644 is more active than other fusion inhibitors in penile tissue explants. To further establish the potential of C34, T20, T1249, and L'644 as candidate microbicides, we next assessed and compared their inhibitory activities in penile tissue explants. In this system we first assessed whether pretreatment of tissue with compound (and its subsequent removal) prior to viral exposure had any impact on HIV infection, as observed for L'644 when using TZM-bl cells. Here explants were exposed to compound for 2 h, and the compound was removed (2-h pulse) by washing before addition of virus, which was incubated with tissue for 21 h before explants were washed and cultured in the absence of compound for a further 14 days. None of the FIs tested inhibited HIV-1 BaL when tissue was exposed to compound for 2 h prior to its removal and addition of virus (Fig. 3a, b, c, and d) . In contrast, when FIs were maintained throughout the culture (sustained), IC 50 s could be determined for T1249 (214.83 Ϯ 160.37 nM) and L'644 (68.35 Ϯ 94.36 nM) (Fig. 3c and d) , although the other inhibitors displayed no inhibitory activity.
Cells migrating out of male genital tissue explants, which include dendritic and CD4 ϩ T cells, have been shown to productively disseminate HIV-1 infection (12) (Fig. 3e, f, g, and h ). However, when migratory cells were maintained in culture in the presence of compound, all FIs were active against HIV-1 BaL (Fig. 3e, f L'644 inhibits HIV-1 infection of cervical tissue and migratory cells. As L'644 was more potent than the other FIs tested in TZM-bl cells and penile tissue, it was selected for further analysis in the cervical explant tissue model, for which the limited availability of tissue constrained the number of conditions that could be evaluated. Cervical explants were treated with compound before (1 h) and during (2 h) exposure to virus. Explants were then washed and cultured either without compound (3-h pulse), with L'644 added back to the culture and left for a further 21 h whereupon it was removed by washing (24-h pulse), or with L'644 main- [h] or without drug) were harvested and cocultured with PM-1. Levels of p24 in the harvested supernatants from tissue explants and migratory cells treated in the absence or presence of drug (2-h prepulse (ᮀ) or sustained ()) were quantified by ELISA. The extent of inhibition by each compound was calculated. The percentage of inhibition was normalized relative to the p24 values obtained for explants not exposed to virus (0% infectivity) and for explants infected with virus in the absence of compound (100% infectivity). Data are the means (Ϯ standard deviations) from three independent experiments performed in triplicate.
tained throughout the culture period (14 days). Compound exposure time correlated with increased inhibitory activity in tissue (Fig. 4a) , as shown by a slight reduction of IC 50 s between the 3-h pulse (9.37 Ϯ 8.12 nM), 24-h pulse (6.37 Ϯ 1.55 nM), and sustained exposure (3.53 Ϯ 2.97 nM).
Migratory cells capable of disseminating HIV-1 infection have also been described in cervical tissue (26) . After overnight culture of the explants described above, migratory cells were isolated and cultured in the absence (3-and 24-h pulse exposure) or presence (sustained exposure) of compound. Similarly to the dose-response curves obtained for L'644 in cervical explants, the inhibitory activity of the compound increased with time of exposure (Fig. 4b) . The IC 50 s tended to decrease from the 3-h pulse condition (375.31 Ϯ 524.82 nM) to the 24-h pulse condition (20.65 Ϯ 27.04 nM) and again to the sustained condition (2.29 Ϯ 2.31 nM). Due to donor-to-donor variation, this decrease was not statistically significant, with P values of Ͼ0.4 as determined by an unpaired t test. L'644 had no impact on the viability of cervical explants or migratory cells as assessed by an MTT viability assay (data not shown).
L'644 demonstrates postexposure activity in colorectal and cervical tissue explants. To further characterize the window of activity of L'644, we next assessed whether it was active when applied after exposure to virus. In TZM-bl cells, no inhibitory activity was detected when cells were infected, washed to remove unbound virus, and treated with L'644 1 h after virus removal (data not shown). To test if these results were also applicable in tissue, we first compared the activities of L'644 when colorectal explants were treated with L'644 either during viral exposure (2 h) or immediately following viral exposure (0 min) or when L'644 addition was delayed by 60 min following viral exposure. In these experiments, activity was assessed using two clade B R5 isolates, HIV-1 BaL and YU2. Here, a delay in compound addition correlated with a decrease in the potency of L'644 against both isolates. Compared to IC 50 (Fig. 5a and data not shown). Despite the increase in IC 50 when L'644 was added after virus removal, the dose-response curves reached levels of inhibition at a higher concentration of compound (1 M) that were similar to those when L'644 was added during viral exposure.
We then tested the activity of L'644 against HIV-1 BaL in female genital tissue explants under the same conditions. When cervical explants were treated with L'644 during viral exposure, an IC 50 of 9.37 Ϯ 8.12 nM was calculated from the dose-response curve; however, when tissue was treated with L'644 at 0 min or 1 h after virus removal, IC 50 s significantly increased, to 159.57 Ϯ 70.53 nM (P ϭ 0.0215) and to an estimated 1275.72 Ϯ 172.89 nM (P ϭ 0.0002), respectively (Fig. 5b) .
L'644 is active against an RTI-resistant isolate in colorectal explant cultures. For L'644 to provide benefit in a combination microbicide containing two or more compounds, it should be active not only against wild-type virus but also against isolates resistant to other ARV drugs used in therapy, particularly resistant isolates of increasing prevalence in infected populations where treatment is available. Therefore, we assessed the activity of L'644 and the other FIs against an RTI escape mutant, A17. This isolate is highly resistant to a number of nonnucleoside RTIs (NNRTIs) through two single point mutations in the RT domain (K103N and Y181C) (24) . We have previously demonstrated that this isolate replicates in colorectal tissue (23) , but it replicates poorly in cervical explants; therefore, the colorectal model was used to determine the activities of FIs against this virus in mucosal tissue. The four FIs were evaluated by pretreating colorectal explants with compound for 1 h prior to addition of virus for a further 2 h. After viral exposure, explants were washed and cultured in the absence (3-h pulse) or presence (sustained) of compound. As with wild-type virus, the activities against A17 of C34, T20, and T1249 measured under sustained-exposure conditions was reduced when the compounds were used only for a 3-h pulse, with C34 not even reaching an IC 50 within the range of concentrations tested. However, the difference in activity between conditions was more pronounced for the resistant isolate, as reflected by an increase of IC 50 s of at least 2 log units (Table 3 ) (with P values of Ͻ 0.001 for C34, 0.1572 for T20, and 0.0024 for T1249). In contrast, L'644 retained far more activity with shorter exposure of tissue to compound (3-h pulse instead of sustained), with a slight, nonsignificant (P ϭ 0.2770) increase in the IC 50 (from 6.11 Ϯ 4.05 nM with sustained treatment to 62.36 Ϯ 53.59 nM with a 3-h pulse) ( Table 3) .
DISCUSSION
In this study, we have performed the first comparative preclinical evaluation of four FIs, C34, T1249, T20, and L'644, as potential candidate microbicides using cellular and tissue explant models and a variety of exposure times. All four FIs are peptides derived from the fusogenic protein gp41 of the HIV-1 viral envelope. L'644 was recently developed by Ingallinella et al., using a new approach to improve C34 activity by attaching a cholesterol group as a "membrane anchor" (27) . Studies by Ingallinela et al. suggested that binding of L'644 to, and retention on, the lipid raft compartment of the target cell membrane provided increased potency over the parent compound, C34. To assess the potential benefit for microbicide use of conjugating C34 to cholesterol, we compared the potencies of all four FIs under different dosing conditions across a range of culture models. L'644 was clearly the most potent FI when the TZM-bl reporter cell line was used, and activity was retained when unbound compound was removed before virus addition (Table 2) , mirroring the results of Ingallinella et al. (27) . However, infection of TZM-bl cells may not be representative of infection of target cells in primary tissue. TZM-bl cells express enhanced levels of the viral receptors CD4 and CCR5 (56) , and as a result fusion may occur at an exaggerated speed. Furthermore, recent evidence suggests that in these cells virus is rapidly endocytosed following CD4 binding (48) , and as a consequence exposure of HIV envelope fusion intermediates to extracellular FI may be temporally restricted. In addition, recent studies by Miyauchi et al. have reported that the longevity of gp41 intermediates as well as the conformation changes in the viral envelope after binding to CD4 determines the potency of FIs derived from gp41 HR2 (47, 48) . These early steps of HIV-1 fusion can be modulated by factors such as density and/or affinity of coreceptors to Env and tropism. Thus, the competitive advantage of L'644 over other fusion inhibitors in this model may reflect membrane anchoring, providing more rapid interaction with transiently exposed fusion intermediates on virus and/or allowing greater access to endosomes. It remains unclear whether the viral entry mechanisms in TZM-bl cells reflect aspects of viral entry in primary mucosal target cells, which are thought to be represented predominantly by resting CD4 CCR5 T cells (22) .
Importantly, none of the FIs displayed any detectable toxicity for cells or tissues used in this study. Furthermore, the activity of L'644 was not compromised following 72 h of incubation in semen or cervical lavage specimens, suggesting that it is sufficiently stable in relevant biological fluids to be compatible with microbicide use.
Given the potential limitations of the TZM-bl cell assays, we also ascertained the relative activities of the FIs in primary mucosal tissues. We first evaluated them using an established colorectal model of HIV-1 infection (14, 24) . Here, the activities of the four FIs were relatively similar when exposure was sustained throughout the culture period (14 days); thus, the competitive advantage seen for L'644 on TZM-bl cells was not replicated in this challenge model. We and others have previously demonstrated that the primary target cells for infection in this model are activated CD4 ϩ
CCR5
ϩ cells (1, 14, 34, 57) . The likely slower kinetics of fusion, compared to those of TZM-bl cells, coupled with maintaining FI concentrations throughout the culture period may have blunted any competitive advantage attributable to the potential faster binding kinetic that might be provided by "membrane anchoring" of L'644. Indeed, little is known about the specificity of any "an- Activity of the FIs in the penile explant model was either poor or absent. When tissue was pretreated with FIs prior to viral exposure, there was no viral inhibition. This is perhaps not unexpected for the nonderivatized FIs; however, the lack of activity by L'644 does not replicate the advantage seen when using TZM-bl cells. There was no activity against penile glans infection with C34 and T20 when inhibitors were sustained throughout the culture, while the activities of T1249 and L'644 were greatly reduced with respect to those seen in colorectal and cervical tissue explants (see below). Nevertheless, L'644 was the most active inhibitor in this model. It is perhaps interesting to note that of the other three FIs, only T1249 displayed detectable activity in this model, likely reflecting the more lipophilic nature of this compound than of C34 and T20 (42) .The reasons behind the differences in activity between the FIs in this model merit further investigation, but they likely reflect differences in drug penetration between the different tissue types. Indeed, the activities of FIs against dissemination of virus by cells that migrate out of penile tissue during the first 24 h of culture were broadly similar to those seen in colorectal tissue and cervical tissue (see below). Here also, as inhibitor concentrations were sustained throughout the culture, there was little or no competitive advantage provided by the cholesterol conjugation. Furthermore, a recent study by Dinh et al. (10) has revealed significant differences between male and female genital epithelia. Interestingly, despite the epithelium in both tissues being stratified squamous, while filaggrin (also known as filament aggregation protein), which is present in the superficial strata of epithelia (stratum corneum) creating the cornified layer of certain types of stratum corneum (44, 62) , and a cornified layer were detectable in male genital epithelium, they were absent in female cervicovaginal tissue. This previous study also revealed differences between cervicovaginal and glans epithelia in expression of several proteins, including E-cadherins and desmogleins 1/2, which are involved in epithelial adhesion and stability (49) , and involucrin, a structural protein to which protein and lipids bind (3, 6) . These differences could affect the antiviral activity of peptidic fusion inhibitors, limiting the access to target cells or even sequestering the peptides in certain layers of the epithelium.
Experiments using cervical explants were limited by the availability of tissue; therefore, we chose to study the activity of L'644 only in this model. Here, the activity when compound was maintained throughout the culture was comparable to that seen with colorectal tissue (IC 50 s of 3.53 nM and 3.83 nM, respectively) and much better than that seen with penile tissue (68.35 nM). Furthermore, the activity of L'644 when maintained only during viral exposure showed a modest decrease, with an IC 50 of 9.37 nM. The activity of L'644 against HIV dissemination by cells that migrate out of cervical tissue in the first 24 h of culture (dendritic cells and T cells, as previously described [26] ) was similar to that observed with penile tissue (IC 50 s of 2.29 nM and 2.76 nM, respectively). Activity of L'644 was decreased with shorter compound exposure. Dendritic cells are known to transfer both captured (65) and de novo-produced (cis) virus to infected T cells. Fusion inhibitors, including T1249 and T20, have been shown to efficiently block DC-mediated infection in trans or cis (17, 18, 32, 33, 63) . Previous studies have suggested that transfer to T cells by trans infection has a relatively short time window of a few hours following viral exposure and that by 24 h following exposure most transfer is by cis infection through de novo-produced virus from infected dendritic cells (39, 50, 64) . The requirement for increased concentrations of L'644 to block dissemination by migratory cells that emigrate out of tissue in the first 24 h of culture may reflect a difference in the potency of L'644 against these two pathways.
The first clinical trial in which a microbicide was shown to be effective was CAPRISA 004 (31) , in which a vaginal gel containing the RTI tenofovir was applied 12 h before intercourse and a second dose of the gel was applied within 12 h after sex. Local preexposure to tenofovir has also been successful in nonhuman primate models, using vaginal application 30 min before challenge (53) and using rectal dosing 15 min or 2 h before viral exposure (8) . However, recently, once-daily dosing of the tenofovir vaginal gel in women at risk of HIV infection failed to demonstrate any detectable efficacy in the VOICE trial. FIs, including T1249, have been shown to be protective in vivo when applied vaginally to rhesus macaques (66, 67) 30 min prior to challenge; however, they have not been tested for activity outside this dosing regimen. L'644 has yet to be tested in any in vivo challenge model, and therefore it is not yet known whether the advantages seen with this compound over other FIs in the in vitro models described here also translate to greater or prolonged activity in vivo.
To further define the window of activity for L'644, we assessed the activity of the compound after viral exposure in cellular and tissue models. In the TZM-bl cell model, none of the FIs tested showed activity when added 1 h after virus removal. The lack of delayed activity in this model likely reflects the speed of fusion events and/or internalization of viral particles by these cells, as discussed above. However, when delayed-dosing experiments were performed with mucosal tissue explant models (colorectal and cervical), L'644 was still active, although less potent, when added up to an hour postinfection (Fig. 5) . While the postexposure activity observed in these in vitro models is unlikely to be sufficient to propose that L'644 could be used as a postcoital microbicide, they do suggest that the window of activity for this drug maybe wider than that for other FIs. This could be further investigated in NHP challenge studies where microbicide dosing is delayed relative to viral challenge.
A further important consideration in the design of future microbicides will be the efficacy of candidate compounds against viral escape mutants resistant to compounds commonly used in therapy and/or other ARVs used in prevention (microbicides or oral preexposure prophylaxis [PrEP] ). Here, we assessed the potential of all four FIs against an RTI-resistant isolate, A17, in colorectal explants. Interestingly, L'644 was the only FI that maintained its antiviral activity without substantial change in the IC 50 s during both sustained and pulse exposure to tissue (Table 3) . Hence, L'644 would be a good candidate for use in combinationbased microbicides containing NNRTIs, since it is active against both wild-type and NNRTI-resistant isolates.
This study has provided preclinical evaluation of four FIs as potential microbicide candidates. All FIs were active against infec-tion of cervical and colorectal tissue under sustained conditions; thus, FIs are likely to be more effective as microbicides if delivered from sustained-release devices such as intravaginal rings or longacting gels. L'644 appeared to extend the window of activity in these models and thus may provide some advantage when considering the design of a microbicide to be used in a coitus-dependent regimen (applied close to each act of intercourse). Nonhuman primate challenge studies may help determine whether such in vitro differences are matched with an increased window of protection in vivo relative to those for other FIs known to work in this model (66, 67) . Any potential gains in activity will need to be matched by potential increased costs in manufacture related to the cholesterol derivatization.
In summary, data from these studies indicate that L'644 has potential as a microbicide candidate, either alone or in combination with another ARV drug(s), since it is able to inhibit both wild-type and RTI-resistant isolates.
